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Abstract Evolutionary theoristshave longbeeninterestedin
theconditionsthatpermit theevolutionof altruisticcooperation.
Recentwork hasdemonstratedthataltruisticdonationcanevolve
in surprisinglysimplemodels, in whichagentsbasetheirdecisions
to donatesolelyon thesimilarityof evolvedÔÔtagsÕÕrelative to
evolved tag-differencetolerances. Thereis disagreement,however,
abouttheconditionsunderwhichtag-mediatedaltruismwill in fact
evolve. Herewevary two criticalparametersin a standardmodelof
tag-mediatedaltruismÑ geneticstabilityandterritorialstructureÑ
andshowthataltruismevolves in a widerange of conditions. We
demonstratetheevolutionof significantlevels of altruismevenwhen
the immediatecoststo donorsequalthebenefitsto recipients. We
describethemechanismthatpermits theemergenceof altruismin
themodelasa form of kin selectionthat is facilitatedby interactions
betweenaltruism,geneticdrift, andfecundity.

1 Tag-Mediated Altruis m

Evolutionary theoristshave long beeninterested in the conditions underwhichaltruism canbe
producedby evolution.Prior work hasexplained theevolutionof altruisticbehaviortowardkin [6,
7], reciprocatingpartners[1, 20],andpartnerswith good reputations[14], as wellas non-reciprocal
altruismin Mendelianpopulationsdriven by population structure [22].Recently attempts havebeen
madeto explainaltruismthatisbased solelyon partnersimilarity, asassessedrelativeto arbitrary tags
[9] that canserve asmodelsof eithergeneticor cultural markers[16Ð18].Theseattempts, if suc-
cessful, would provide extremely generalexplanations, as they makefew assumptionsregarding
geneticstructureor theknowledgeandabilitiesof theevolvingagents. In particular, they wouldhelp
to explainhowaltruismcanevolve amongagentsthathave no explicitknowledge of kinship, past
behavior, or reputation.The modelswould alsobe applicable to organismsthatarefar too simple
to engage in activitiesthatunderliesomeothermodels of the evolutionof altruism,suchasmate
selection[11] andexplicitrepression of competition[4].

There is disagreement,however, aboutthe conditions underwhich tag-mediatedaltruismwill
in fact evolve. Roberts andSherratt [18] arguethat altruismis actuallyÔÔbuiltinÕÕto the modelof
Rioloet al. [16],andthataltruismno longer evolves if an implicitbiasfavoringcooperationamong
agentswith identicaltagsisremoved.Weshowhere,however, thattag-mediatedaltruismdoesin fact
evolve in a range of conditions, evenin the contextof Roberts and SherrattÕs modifications. In
particular, weshowthatit evolveswhenlower mutationratesareusedandwhenterritorialstructure
limits the interaction radiusof eachagent.We alsoshow that this holdsevenwhenthe immediate
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costsandbenefits of altruisticactsareequivalent.We discussthissurprisingresultandthemecha-
nismsthatproduceit in the finalsectionof thearticle.

2 The Model and Prior Work

We beganwith a computationalmodelequivalent to thoseusedin the prior work [16], in whicha
populationof 100 agentsis progressedthrougha numberof generations(30,000in prior work,
400,000here).Eachagenthasa tag s anda toleranceT, both of whichare represented asfloating
point numbersanduniformly sampledfrom [0, 1] in the initial generation. All agentsbegineach
generationwith ascoreof 0 andarethenpairedwithP=3 randomlyselectedothersfor potentialacts
of altruism.If thedifferencebetweenthetagsof thetwo agents is less than or equal to thepotential
donorÕs tolerance,then the altruisticact (donation) is performed:a cost c is deducted from the
donorÕs score,andabenefit b is addedto therecipientÕs score.The resultingscoresmaybepositive,
negative,or zero. For mostof our runsweusedc=0.1,b=1.0,asin mostof theprior work, but we
alsostudiedothervaluesof candb. After alldonation attemptsarecompleted,thepopulation of the
next generationis produced by pairing eachagent ai in a reproductive tournament with another
randomlyselectedagent aj andproducing, at the locationof ai, a child from the parentwith the
higherscore(or from ai in caseof atie).1 Thechildinheritsits tagandtolerancefrom theparent,but
each mayeachbemutatedwithprobability m(= 0.1in theprior work,thoughwevary it here).When
a tag is mutated,it is replacedwith a newtag randomlyselectedfrom [0,1]; whena tolerance is
mutated,it issummedwithmean0,standarddeviation0.01Gaussiannoise.2 Thismutationscheme,
likethedonation,selection,andreproductionschemesdescribedabove, issomewhatarbitrary, but it
is alsostandardin the literature.

The primary measureof interestis theaveragedonation rate,whichrangedfrom 2.1%to 79.2%
in the datapresentedin the originalreport by Riolo et al. [16].We also measuredtagdiversityby
counting the number of unique tags in each generation and averaging this number over all
generationsin a run.3

Riolo et al. did not allow tolerancesto mutatebelow0,soagentswith identicaltagswouldalways
donateto one another. Roberts and Sherratt [18] reported that the removal of this restriction
(implementedby changingthe lower boundfor T from 0 to ! 10! 6) preventsthe emergenceof
altruism;theyobserved donation ratesof 1.48%,asopposed to Riolo et al.Õs 73.6%. Riolo et al.
repliedthat the two modelshave opposite, strong biasesregarding cooperation amongagentswith
identicaltags, andthatcooperationcontinuesto evolvein modelswith intermediatebiases[17].Here
we investigatedonly the condition that preventedthe evolutionof cooperationfor Roberts and
Sherratt (T z ! 10! 6), but we variedother parameters and found that cooperationdoes in fact
evolve in a range of conditions.

3 Variati on of Genetic Stability and Territori al Struct ure

Themutationrateusedin theprior work, 0.1,is exceptionallyhighcompared to naturallyoccurring
rates. We ranexperimentswith additionalmutationratesm(0.001,0.01,and0.5)andfoundthat in
morestable geneticenvironments(with lower m) higherdonationratesoftenevolve; for example,
usingRoberts andSherrattÕs parametersandvaryingthemutation rate,weobservedadonation rate
of 37.61% for m=0.001.Tag diversitywaslower in this condition than in Roberts andSherrattÕs
condition,but it wasstill considerable;wesawanaverage of 33.17uniquetagsin eachgeneration.
Our resultsagreedwell with thoseof RobertsandSherratt for m=0.1(1.30% donation, tagdiversity

3 A varietyof other diversity measuresmight also be informative,includingmeasuresof ÔÔeffectivediversityÕÕthat are sensitive to the
tolerancelevelsfound in a population.

2 The lower boundfor the resulting tolerance is discussedbelow; there is no upper bound.

1 The locationof the child is not specifiedin the prior literature; it becomesrelevantonly under the modificationspresentedhere.
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79.87),andwealsofoundlow donationrateswithm=0.5(2.59%)andm=0.01(3.93%).Theseresults
are graphedin Figure 1, whichalsodisplaysthe results of additionalexperiments discussedbelow.

Natural populations also have territorial structurethat limits both the potential recipientsof
altruistic actsandthereproductive competitors;in somecasessucha structure hasbeenshownto
affect the evolution of altruism. For example, Nowak and May showed that a regular two-
dimensional grid structurefacilitates the evolutionof cooperation in a prisonerÕs dilemma game
[13].Evenwhenpopulationsarelargeandirregularlystructured,patternsof interaction tendto form
ÔÔsmallworld networksÕÕthathave beenshownto affectgame theoretic dynamics[21], andseveral
researchershave characterizedrelationsbetweenpopulation structure and evolutionary dynamics
more generally [10,22].An earlieranalytic modelof Eshel[3] predicted,in agreementwith Wright
[24], that low mobility in a population with territorial structurewould producea ÔÔneighbor effectÕÕ
that promotesthe evolutionof altruism. Others have subsequently studied the effectsof low
mobility (a.k.a.ÔÔviscosityÕÕ),whichcanalsosometimesinhibit altruismby intensifyingcompetition
amongneighboringaltruists[12,23].For example,recentwork byHauert andDoebeli demonstrates
thatspatialstructurecaninhibittheevolutionof cooperationin theÔÔsnowdrift gameÕÕ[8].Rioloet al.
describedpossibleconnectionsbetweenterritorial structure andthe evolution of altruismin their
model, but without presenting data [17]. More recently Axelrod et al. [2] demonstrated the
emergenceof tag-mediated altruismin populationsstructuredastwo-dimensionallattices.

Here we have modeleda simpleform of territorialstructureby consideringthepopulation as a
one-dimensionalarraywrappedaround a ring. EachagentÕs interactionsarelimitedto otherswithin
radius R; for example,with R=5 eachagent has10 potentialpartnersfor altruisticactsand for
reproductive competition (5 on eachside).Themodel of Roberts andSherratt resultsfrom setting
R=50 (asdoesthe modelof Riolo et al. [16],with the additionalsettingof Tz 0). Note that this
scheme, whilesimple,hasfeaturesmoresimilar to thoseof naturalpopulationsthansomeof the
alternativesthathavebeenexploredin theliterature;for example,in contrast to theschemeusedby
Hauert andDoebeli[8], agentsin our modelmayinteractwith agentsthatarenot directlyadjacent,
andtheamountof overlapbetweenneighborhoodsdecreasesrelativelysmoothly for pairsof agents
at successively greaterdistances from oneanother. A more standardcellular-automaton-likemodel,
in which agentscaninteractonlywhenimmediatelyadjacent, results from settingR=1.

WeobservedthatasR decreases, theamount of altruism oftenincreases. For example, in Roberts
and SherrattÕs condition (aside from this change) we observed donation rates of 12.48% for R=10
(tagdiversity 58.74), 31.74%for R=5 (tagdiversity 40.66), and 55.80% for R=1 (tag diversity 41.81).
Noticethatthecondition R=1 producesboth morealtruism and morediversity thanR=5; asdiscussed
below, this demonstratesthat the observed altruism is not a simple product of homogeneity.

Figure1. Donationrateasafunctionof mutationrate andinteractionradius,with acost/benefit ratio c/b=0.1(asin prior
work). The configuration described by Roberts and Sherratt [18] is marked with the circle and ÔÔR&S.ÕÕHere 92
independentruns were conducted for eachof 72 conditions. A log scalewasusedfor the interactionradiusaxis to
highlightthe behaviorof the systemat smallradii.
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Territorial structurecanbe combinedwith lower mutation rates, producing cumulative effects.
For example,R=1 with m=0.01yieldsadonation rateof 84.11%,whilethechangeto R aloneyields
only55.80%andthechangeto maloneyieldsonly 3.93%.ByvaryingbothR andmweproducethe
landscapeof altruismshown in Figure1. Donationratesof up to 84.11%(with tagdiversity9.52)
were obtainedby combining changes in mutationrate with changes in territorial structure.We
concludethat while the conditionsstudiedby Roberts and Sherratt produce minimal altruism,
significantaltruismevolves in many other reasonableconditions.

4 Variati on of Cost/B enefit Ratio

Altruismcanevolveevenwhenthecost/benefit ratioof altruisticdonation is much higherthanthe
value0.1 consideredabove. Thevalue 0.1 was usedin prior work without substantial justification,
but it mightbeconsideredto model alarm calls, or thesharingof surplusfood,or other altruistic
actsthatbenefittherecipientgreatlyat little costto theactor. Thesejustificationsnotwithstanding,
onemightwonder abouttheextentto whichtheobserved effectsdependon thelargenetgain to the
population,andaboutthe abilityof the model to explain the evolutionof morecostly forms of
altruism.

Riolo et al. found thatdonation ratesfell to 24.7%whenc/ b reached 0.5 (eventhough, in their
model,Tz 0).In contrast,weobservedadonation rateof 75.82% with c/b=0.5,m=0.01, andR=1.
At higherratios c/b onewould expectlessaltruism,andHamiltonÕs rule (discussed furtherbelow)
mightleadoneto expectaltruismto approachzerowith c/b=1.0.Consistent with thisexpectation,
Riolo et al. report that when c/b reaches0.6 the donation rate drops to 2.2%. Surprisingly,
however, we find thatdonationratesaverage 12.13% evenwith c/b = 1.0 (with m=0.01andR=1).
This effectis remarkablyconsistent;although the ratefluctuatesover the courseof a run, in our
92 runs in the condition m=0.01,R=1, c/b = 1.0 we found average donation ratesrangingonly
from 11.19% to 13.01%.This range is an orderof magnitudehigherthanratesfound in many of
our otherconditionsandmuch higherthancontrol runsin which large penaltieswereassignedto
all altruists(producing ratesof lessthan0.6%). This meansthat nontrivial levelsof altruismcan
ariseevenwhendonation produces no net gain to the population,a situation analogous to the
sharingof scarce food in a naturalecosystem. The levels of donationfound in our simulations
with c/b = 1.0 are graphedin Figure2. The effect is the strongest for R=1, a condition that
resemblesthecellularautomatauponwhichmanyotherspatialmodelshave beenbased;but there
arealsoeffectsat other valuesof R. We discussthe mechanismresponsiblefor this effectin the
followingsection.

Figure2. Donationrate asa functionof mutationrate andinteractionradius,with a cost/benefitratio c/b=1.0.Here 92
independent runs were conducted for eachof 72 conditions.
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5 Discussion

The simulationresultshave severalimplications:they provideevidence supporting the viabilityof
tag-mediatedmodelsof altruism in general, theydemonstrate the effectsof geneticstabilityand
territorial structure on thesemodels, andtheydemonstratethat altruismcanariseevenwhenthe
immediatecostto thedonorisequivalentto theimmediatebenefit to therecipient. Weaddressthese
implicationsin this order.

The datashowthat alternative but reasonable mutationratesanda simple form of territorial
structure both facilitatethe evolution of altruism in a standard tag-mediatedmodel,potentially
explainingprior non-altruistic outcomes as resultingfrom particularassumptionsaboutthese pa-
rameters. Consistent with discussionsof thesefactors in the literature, our diversitydatasuggests
that altruismin the modeldepends to some extenton homogeneity amonginteractingagents. It
shouldbe noted,however, thatweobserved significantlevelsof diversityin all conditionsandthat
weobserved no casesin whichdiversity collapsedcompletely. In all of our conditionstheaverage
numberof uniquetagsin agenerationwasat least4,andin manyof our conditionswith highlevels
of altruismtheaveragewasover40;thediversityaveragedoverallof therunsgraphedin Figures1
and 2 was67.09. Considering that the population size is just 100, theseare remarkablydiverse
populations. Theobservedaltruismis thereforenot asimpleconsequenceof completehomogeneity.

Neither is the observed altruisma simpleconsequenceof mutationratesthat are so low asto
prevent any occurrence of negative-tolerance defectors. We observed substantialaltruism with
m=0.01,whichproducesaboutonemutationevery generation,anda mutationto theagentat any
particularlocation aboutonceevery 100 generations. Theinitialpopulation is likelyto includeatleast
oneagentwithtolerancearound0.01,andthereisastronginitialselectiveadvantageto lowtolerance.
Since,in addition,tolerancemutation isperformedbysummationwith Gaussian noiseof mean0and
standarddeviation 0.01,onewould expectto produceat leastoneindividualwith zeroor negative
tolerancewithinthefirst fewgenerations. Sinceweranoursimulationsfor 400,000 generations, there
wasampletimefor lowor negative tolerancesto arisethroughmutationsandto spreadthroughthe
population.Onewould expecttheaveragetoleranceto convergeto valuesnearzeroquickly, andfor
mostof thetolerancevaluesto cluster aroundzeroeven whenour low mutationratesarein effect.
This is indeed whatweobserve;theaverage tolerance,averagedover all of our conditions, wasjust
0.014. Mutationsto zeroor negative tolerancewere thereforequite common.

It is alsoimportant to notethattherelativelyhigh incidence of altruistic behaviorin thesesimu-
lations cannotbe attributed to random variationalone.Mutation doesconstantly introducesmall
numbersof newaltruists, aneffect that increaseswith highermutationrates. Figures1 and2 show,
however, thathighermutationratesoftenleadto lower levelsof altruismin themodeldiscussedhere.
In thesecasesmutationis disrupting heredityandtherebydampening theeffectsof selection.Ad-
ditional tests with theextrememutationrateof m=1.0 in theconditionc=b=1 producedanaverage
donation rateof 4.88,whichis lessthanhalf of thatproducedwith m=0.01.

The altruism-promoting effectsof lower mutationratesandterritorial structure canbe seenas
arisingfrom a dynamic similar to EshelÕs ÔÔneighboreffectÕÕ[3]. Altruistic agents arealwaysvulner-
able,but theyarelesslikelyto meet defectorsin environmentswith lowmutationratesand/or small
interactionradii.Although thereis no directreciprocation,no explicit knowledgeof kinship, andno
knowledge of pastbehavioror reputationin anyof themodelsunderconsiderationhere,altruistic
agentsin sufficiently stableenvironmentswill generally find themselvesin the vicinityof otheral-
truistic agents, manyof whichwill in factbekin.Tag-mediatedaltruismin suchmodelscantherefore
be seen as a form of probabilistickin recognition, in whichagents with similartagsare not explicitly
recognizedaskin but have a high probability of being kin nevertheless.

The fact that we observe significant altruism even when c=b=1 is surprising and might even be
thought to violateHamiltonÕsrule, which statesthataltruism can evolveonly in environmentsin which
thecost to thealtruistic donor is less than theproduct of a relatednesscoefficient times thebenefit to
the recipient; that is, c< rb, where r V 1 [6, 7]. Whether or not the results reportedhere constitute a
violation depends on the interpretation of cand b (which are variously construed as immediate costs
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and benefits to individuals, as changes to expected numbers of offspring, and as contributions to
ÔÔinclusive fitnessÕÕ) and alsoon the interpretation of r (about which there isalso debate; see [15]). The
literature on the proper interpretation of HamiltonÕs rule is rich (see, for example, [5]), and the
significanceof theresults reportedherein thecontext of this literatureisaninteresting, openquestion.

We investigatedthemechanismresponsiblefor theevolution of altruismin thecondition c=b=1
by observing graphicdepictionsof simulations over evolutionary time,displaying individualtags,
tolerances, andscoresusinggrayscaleandcolorvalues. Fromthese observationswe derived simple
illustrationsof someof theprocessesbywhichaltruismcanform andgrow, even whenc/b=1. The
simplestillustrationbeginswith apopulation with R=1 in whichall agentshavenegative tolerances;
thatis, in whichallagentsare initially selfish(Figure3a).4 Herethereis no selectionpressureon tag
values, andit is possiblefor tagdrift to producehighlevelsof tag diversity(Figure3b), even if the
original tag values were all identical. When tags are sufficiently diverse,then tolerances can
themselvesbeginto drift, as small positive toleranceswill have no effect (Figure3c).This two-
stage geneticdrift processexplainshowthefirst potentiallyaltruistic(positive tolerance)agentscan
survive to produce offspring.

Next consider two adjacentagentswith positive tolerance,oneof whichdoesactually produce a
netpositivedonation to theother(Figure3d);it maydo this, for example,becauseits tolerancehas
mutatedto alargervaluethanitsdifferentlytaggedneighbor, or becausethetwo agentsareclonesof
thesame parentandtheirdonationsto oneanother areasymmetricby chance.After thishappens,
thetruealtruistwill not reproduce, but therecipient,whichisalsoapotentialaltruist(it hasapositive
tolerance),is likelyto beunusuallyfecund.It will winreproductivetournamentsagainsttheloser, and
it will alsowin mosttournaments againstothers, sinceit hasreceived donationsthat raiseits score
above thatof agentsin a selfishpopulation. It is therefore likelyto produce two or moreadjacent
children which,unlessthe mutationrateis unusually high,arelikelyto be clonesof oneanother
(Figure3e).Becausethese childrenhave identical tagsandnon-negative tolerances, theywill also
donate to one another. If they donate symmetrically, then they are neither advantaged nor
disadvantagedby thedonations, but if theydonateasymmetrically, thenthewinnersareagainlikely
to beunusuallyfecund.Whenawinner isat theedgeof theblockof altruists, it will alsobelikelyto
win tournamentsagainstdifferently taggedneighbors, thescoresof whichwill bethoseof agentsin a
selfishpopulation.This interactionmaycause theblockof altruists to grow, as theagents nearthe
endsaresacrificedto allowtheagentsat theendsto extendthealtruisticcommunity(Figure3f ). As
a result, altruism-supporting genesandactualactsof altruismmayincreasein thepopulation until
equilibriumis reachedwith the trendtowardselfishnessproducedby defections. Thefact that this
equilibriumneednot be nearzerois a consequenceof the way in whichgeneticdrift, geography,
altruism,and fecundity interactin the model.Ironically, it is the disparitiesthat ariseamong the
altruistic agentsbecauseof randomdonationasymmetriesthatallow someof them to gain theupper
handon theirselfishneighbors, andthereby to propagate altruistic behaviorto a widercommunity.

With reasonable changes to another criticalparameter, reproductive tournamentgroupsize,this
mechanismcansupport evenmoreextremeformsof altruismin whichthecostactuallyexceedsthe
benefit.Whileour preliminary experimentswith c/b> 1 produced no significant altruism,we have
observedconsistently highlevelsof altruismwhen reproductivetournamentsinvolvemorethantwo
agents. For example,withc=1.1,b=1, R=5, andatournamentsizeof 4 (meaningthattheagentand3
othersin theneighborhoodof 10agentsparticipate in eachtournament), weobservedonation rates
consistently over 30%.The appropriatesetting for the tournament size parameteris not obvious,
and it seemsreasonable to assumethat the appropriate settingwill vary for differentecological
circumstances. For somesettingsof this parameter the mechanismdescribed in this article can
explaintheevolution of costlyformsof altruism.

In relatedwork wehavedemonstratedtheemergenceof significantlevelsof altruismwith c=b=1
in more complex modelsinvolving continuous3D dynamics and agentscontrolled by evolved

4 In our actualsimulationsthe tagsandtolerancesin the initial populationare randomlyassigned,asdiscussedabove.We discussa
purelyselfishpopulationhere only for the sakeof illustration; this presentsthe most challengingcasefor the emergenceof altruism.
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computerprograms[19].Thesemodelsaredifficult to analyze, andwecannotyet becertainthatthe
effects described in this article areresponsiblefor the results. Nonetheless, the evolutionof tag-
mediatedaltruismin complex models, evenwith c=b=1, suggests that tag-mediatedaltruismcan
evolve in a varietyof interesting circumstances.
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Figure3. Illustrationof the spreadof altruismin a condition with c/b=1.0.Tagsare displayedasgrayscalevalues,TÐ
indicatesnegativetolerance,andT+ indicatespositivetolerance. (a)To presentthe mostchallengingcase,we beginwith
a uniformpopulationof defectors.(b) Becauseall tolerances arenegative, there will be no donationsandtagswill drift.
(c) In neighborhoods with hightagdiversity,smallpositivetolerances will haveno effectandtolerances will drift. (d)
When a positive-toleranceagent(shownwith the heavyoutline)receivesnet positivedonations,either from a neighbor
with highertoleranceor from aclonewith whichinteractionswereasymmetricby chance,the agentwill belikelyto sire
adjacentclones in the subsequentgeneration. (e) If the adjacentpositive-toleranceclonesdonate to one another
symmetrically,then they will be neither advantagednor disadvantagedby their potentialaltruism,but if they donate
asymmetrically (whichis likely),thensomeof themwill fail to reproduce,but othersmayagainbe unusuallyfecund.(f )
Thisprocesscanrepeat,causingthe blockof altruiststo grow asagentsat the endsusedonationsfrom agentswithin the
blockto outcompeteother neighbors.Eventuallyadefectorwill arise(throughamutationto negativetolerance), andthe
block of altruistswill degradefrom within.
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